Raman spectrometry is a rapid, non-destructive alternative to conventional tools employed to assess the thermal alteration of organic matter (OM). Raman may be used to determine vitrinite reflectance equivalent OM maturity values for petroleum exploration, to provide temperature data for metamorphic studies, and to determine the maximum temperatures reached in fault zones. To achieve the wider utilisation of Raman, the spectrum processing method, and the positions and nomenclature of Raman bands and parameters, all need to be standardized. We assess the most widely used Raman parameters as well as the best analytical practices that have been proposed. Raman band separation and G-band full-width at half-maximum are the best parameters to estimate the maturity for rocks following diagenesis-metagenesis. For metamorphic studies, the ratios of band areas after performing deconvolution are generally used. Further work is needed on the secondorder region, as well as assessing the potential of using integrated areas on the whole spectrum, to increase the calibrated temperature range of Raman parameters. Applying Raman spectroscopy on faults has potential to be able to infer both temperature and deformation processes. We propose a unified terminology for OM Raman bands and parameters that should be adopted in the future. The popular method of fitting several functions to a spectrum is generally unnecessary, as Raman parameters determined from an un-deconvoluted spectrum can track the maturity of OM. To progress the Raman application as a geothermometer a standardized approach must be developed and tested by means of an interlaboratory calibration exercise using reference materials.
Introduction
Raman spectroscopy is increasingly being used to determine the thermal alteration (maturity) of organic matter (OM). The novelty of Raman spectroscopy is that it is a rapid and non-destructive technique that can be used to complement other methods or it can be employed independently, and it offers a means to screen samples before more expensive and destructive analysis Schmidt et al., 2017; Henry et al., 2018 Henry et al., , 2019 Khatibi et al., 2018b; Schito and Corrado, 2018; Wilkins et al., 2018) . Raman spectroscopy is now part of a wide selection of tools that can be used to track the thermal maturity of OM. These include: vitrinite reflectance (VR o ); bitumen reflectance; graptolite reflectance; chitinozoan reflectance; spore colouration index; OM fluorescence; organic geochemistry, including Rock-Eval™ pyrolysis and biomarker analysis (Hartkopf-Fröder et al., 2015) . Having a selection of methods to determine OM maturity allows geoscientists to optimize their analysis based on the quantity, composition and age of the sample, maturity grade, operator expertise, equipment availability, and time and money constraints. Tunistra and Koenig (1970) published the first paper showing two distinct Raman bands in graphite: the disordered (D) and graphite (G) bands. Beny-Bassez and Rouzaud (1985) highlighted the first use of Raman spectroscopy to determine the coalification and graphitization stages of OM by studying samples that had been artificially heated; they were also the first authors to construct an empirical relationship with VR o . Pasteris and Wopenka (1991) then applied Raman spectroscopy in a study of naturally metamorphosed carbonaceous metapelites in order to assess the metamorphic grade by conducting visual comparisons. Wopenka and Pasteris (1993) later demonstrated that the area ratio of the D and G bands are effective in determining the metamorphic grade of metamorphic rocks. Following this, Spötl et al. (1998) used natural samples to demonstrate that Raman spectroscopy may be used to determine equivalent VR o values for a wide maturity range (0.38-6.10% VR o ). Beyssac et al. (2002) derived the first temperature dependent empirical equation, in order to quantitively determine the peak temperature between 330 and 650°C during metamorphism. This was a turning point, and the study encouraged the wider use of Raman spectroscopy as a geothermometer for geological samples, with an exponential increase in papers being published over the last 25 years (Fig. 1) .
Raman spectroscopy has been used in three main applications as a geothermometer, to determine: (1) source rock maturity for hydrocarbon exploration (Liu et al., 2013; Sauerer et al., 2017; Schito et al., 2017 Schito et al., , 2019 Schito and Corrado, 2018; Wang et al., 2018; Wilkins et al., 2018; Henry et al., 2019; Hou et al., 2019; Khatibi et al., 2019; Lupoi et al., 2019; Mi et al., 2019) ; (2) the maximum temperature reached T during regional and contact metamorphism (Wopenka and Pasteris, 1993; Beyssac et al., 2002; Jehlička et al., 2003; Rahl et al., 2005; Aoya et al., 2010; Lahfid et al., 2010; Endo et al., 2012; Mathew et al., 2013; Kouketsu et al., 2014 Kouketsu et al., , 2019 Chen et al., 2017; Muirhead et al., 2017a Muirhead et al., , 2017b Beyssac et al., 2019; Fomina et al., 2019; ; Yu et al., 2019; Zhang and Santosh, 2019) ; (3) the maximum temperature reached during frictional heating along fault planes after an earthquake (Furuichi et al., 2015; Kaneki et al., 2016; Liu et al., 2016; Kouketsu et al., 2017; Kuo et al., 2017 Kuo et al., , 2018 Hirono, 2018, 2019; Mukoyoshi et al., 2018) . Studies have had various degrees of success, and due to widely varying methodologies, comparison of the results remains difficult. Here, we review the most commonly used and suitable Raman parameters for each application, as well as assess the best practices that have been proposed, in an attempt to encourage a standardized approach. We will also provide recommendations for future progress.
Thermal maturation of organic matter
Determining the maturity of OM is essential to confirm the presence of a working petroleum system and to establish the time-temperature history of geological events. When OM is exposed to high temperatures, it undergoes an irreversible chemical and structural evolution (Tissot and Welte, 1984) , which makes it an ideal component to determine the maximum temperature reached in a sedimentary or metamorphic rock. This is in contrast to mineral assemblages, where temperature records may be reset by subsequent dissolution and recrystallization. However, different types of organic matter in a sedimentary rock respond differently to increased temperatures. This needs to be taken into consideration, as it has been shown to impact the Raman spectrum (Guedes et al., 2005 (Guedes et al., , 2010 . Tissot and Welte (1984) determined four different stages of thermal maturation during burial: diagenesis, catagenesis, metagenesis, and metamorphism. Diagenesis occurs as soon as deposition has taken place, and stops when temperatures reach 60-80°C (0-0.5%VR o ; Tissot and Welte, 1984) . Here microbial degradation and low-temperature reactions destroy proteins and carbohydrate biopolymers, and the remaining more resistant constituents polycondense to form geopolymers and subsequently kerogen. By-products of diagenesis include CO 2 , H 2 O, H 2 S, SO 2 , N 2 and biogenic CH 4 . Catagenesis ranges from c. 60-150°C (0.6-2.0%VR o ) and the kerogen is subject to thermal decomposition reactions that break up large kerogen molecules to smaller kerogen molecules (Tissot and Welte, 1984) . During early catagenesis oil is mostly produced (0.5-1.3%VR o ), followed by the production of wet gas (1.3-2.0%VR o ; Tissot and Welte, 1984) . Catagenesis is also associated with increased ordering of the OM. Metagenesis occurs at temperatures c. 150-200°C (2.0-4.0%VR o ) and produces primary dry gas directly from the remaining kerogen and secondary gas from the cracking of longer chained hydrocarbons (Tissot and Welte, 1984) . At the end of this stage, heteroatoms and hydrogen have all been depleted by carbonisation, and the residual carbon becomes disordered graphite that will undergo progressive graphitization during metamorphism, eventually becoming a perfectly ordered graphite with increasing temperatures and pressures (Landis, 1971; Buseck and Beyssac, 2014) .
Alternative mechanisms that can thermally mature OM include: the emplacement of igneous intrusions (contact metamorphism); and frictional heating along fault planes (Buseck and Beyssac, 2014) . What differs here, is the way in which the OM is heated. For burial, as described above, the OM is typically heated due to the geothermal gradient and radiogenic heat production (Tissot and Welte, 1984; Allen and Allen, 2013) . Diagenesis, catagenesis and metagenesis occur over long-time scales at relatively low temperatures (< 200°C) and impact a whole basin; similarly, regional metamorphism occurs over long-time scales with wide ranging effects, but at significantly higher temperatures (200-1000°C; Hoinkes et al., 2005) . Contact metamorphism may generate similar temperatures to regional metamorphism (200-1000°C) but takes place over shorter time scales (10 3 -10 6 years) and only matures OM locally within the thermal aureole (Hoinkes et al., 2005) . Maturation of organic matter due to frictional heating along fault zones is associated with rapid heating rates of tens to hundreds of°C s −1 , along with substantial shearing, deformation and pulverization of the OM (Nakamura et al., 2015; Kaneki et al., 2016) . There is no remnant heat that 'cooks' the country rock, unlike igneous intrusions; however, movement may occur multiple times along the same fault, thereby generating multiple episodes of heating.
It is widely acknowledged that temperature and time are the most important factors in the maturation process of OM (Beyssac et al., 2002; Allen and Allen, 2013) ; however, it is also crucial to understand how different heating rates, pressures and shearing/deformation impact the Raman spectra of OM. In order to get the most out of Raman spectroscopy as a geothermometer we must assess: (1) which parameters are best suited for each application; (2) whether different thermal and pressure conditions can be determined from OM Raman parameters or the visual appearance of the spectrum; (3) the extent to which shearing and pulverization of OM may impact the Raman spectrum; (4) whether different calibration curves are needed for OM that has experienced different time-temperature-pressure histories. Some of these questions have been asked and answered in different ways in the literature and will be addressed in this review.
Organic matter Raman bands and nomenclature
The Raman spectrum of OM is composed of a first-order region (1000-1800 cm −1 ) and a second-order region (2400-3500 cm −1 ). The first-order region comprises two main peaks; the disordered (D) band (c. 1340-1360 cm −1 ) and the graphite (G) band (c. 1580 cm −1 ) ( Fig. 2a ). The G-band is related to the in-plane vibration of carbon atoms in graphene sheets with E 2g2 symmetry (Tunistra and Koenig, 1970; Jehlička and Beny, 1999) . In graphite, this is the only major band in the first-order region.
The D-band occurs at c. 1340-1360 cm −1 in disordered amorphous OM and is associated with structural defects and heteroatoms (Beny-Bassez and Rouzaud, 1985) . It has been described as the breathing motion of the sp 2 atoms in an aromatic ring with a A 1g symmetry mode vibration (Tunistra and Koenig, 1970) . In disordered OM, additional bands are identifiable as small bumps and asymmetric bands, however, the number, nomenclature and origin of these bands are often conflicting when deconvolution is performed (Beyssac et al., 2002 1998 1996 1994 1992 1990 1988 1986 1984 1982 1980 1978 1976 1974 1972 1970 Year Number of published studies using Raman as a geothermometer
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Fig. 1.
Bar chart showing the exponential increase in studies that have used Raman spectroscopy as a geothermometer. The data were acquired from the Web of Science bibliography database and is by no means an exhaustive data set. Projected publications for 2019 is based on the number papers that were published during the same period for 2018. 2017; Henry et al., 2018) . The occurrence of the most common additional bands ( Fig. 2b ) are as follows: D2-band (c. 1610 cm −1 ); D3-band (c. 1500 cm −1 ); D4-band (1200 cm −1 ); D5-band (c. 1260 cm −1 ) and D6-band (c. 1440 cm −1 ). The D2-band has been related to the disorder inside the graphitic lattice with E 2g2 symmetry (Allwood et al., 2006) and is merged with the G-band for low-ordered OM. With increasing maturity, the D2-band evolves, firstly appearing as a small bump on the red-shift shoulder of the G-band until it eventually splits from the Gband and disappears (Buseck and Beyssac, 2014) . The D3-band results from the out-of-plane vibration due to defects and heteroatoms, which eventually disappear during graphitization (Wopenka and Pasteris, 1993; Beyssac et al., 2002; Baludikay et al., 2018) . The D4-and D5bands were related to the CH species in aliphatic hydrocarbon chains by Ferralis et al. (2016) , as they demonstrated a strong correlation between the atomic H:C ratio and the band properties. The D6-band at c.1440 cm −1 was recognised by Romero-Sarmiento et al. (2014) , which in their study was termed the D5-band. They proposed that the D6-band is related to the hydrocarbons trapped within the micropores of organic matter. From now on, when we refer to fitted bands after performing deconvolution, they will be followed by the suffix 'function', for example D4-function.
The second-order region (2200-3400 cm −1 ) has mostly been used for samples that have undergone metamorphism, as the bands are not clearly distinguished for lower maturity samples (Fig. 3) . The region has a total of five bands with different evolutionary paths from disordered to ordered OM, and they begin to become identifiable at the anthracite stage (> 2%VR o ; Pasteris and Wopenka, 1991; Wopenka and Pasteris, 1993; Cuesta et al., 1994; Spötl et al., 1998; Jehlička and Beny, 1999; Beyssac et al., 2002; Jehlička et al., 2003; Rantitsch et al., 2004; Zeng and Wu, 2007; Liu et al., 2013; Yuman et al., 2018) . The most common interpretation of these bands is that they are a mixture of overtones and combinations of different inelastic scattering of the bands in the first-order region (Wopenka and Pasteris, 1993; Beyssac et al., 2002; Childress and Jacobsen, 2017) . For example, the S2-band at c. 2700 cm −1 is an overtone of the D1-band at c. 1340 cm −1 (1340 × 2 = 2680 cm −1 ), whereas the S3-band at c. 2950 cm −1 is a combination of the D1 and G-bands (1350 + 1580 = 2930 cm −1 ).
There is considerable inconsistency in the nomenclature and positions of the Raman bands used by different authors, and the number of bands used for analysis in both the first-and second-order regions; this leads to confusion when comparing results from different studies, which has inhibited the development of a standardized method. To avoid confusion in future publications, we propose to use the nomenclature described in Fig. 2 and Table 1 for the first-order region and Fig. 3 and Table 2 for the second-order region. The recommended number of bands to include during deconvolution is discussed in Section 5.1.
In the first-order region, the G-band has been referred to the "O" band, which stands for "ordered" (Wopenka and Pasteris, 1993; Spötl et al., 1998; Jehlička and Beny, 1999; Zeng and Wu, 2007; Schiffbauer et al., 2012; Liu et al., 2016) or the "G" band (Cuesta et al., 1994; Kelemen and Fang, 2001; Beyssac et al., 2002) , which stands for "graphite", and the latter is a ubiquitous term used in most recent literature. However, Kouketsu et al. (2014) argued that it is not possible to determine the G-band at c. 1580 cm −1 for low-grade OM, and therefore called the band at c. 1580 cm −1 the "D2" band. Ito et al. (2017) used the D2-band abbreviation to be synonymous with the Gband; other studies have used "G-band" to be a combination of the Gand D2-bands (Henry et al., 2018 . It is noted that the D2-band has been referred to as the D′-band (Marshall et al., 2005; Ammar and Rouzaud, 2012) . By contrast, Jubb et al. (2018) located the D2-band position at c. 1520 cm −1 , where the D3-band is commonly placed, whereas Song et al. (2019) fitted the D2-band at c. 1700 cm −1 , where there is a known carbonyl group (C=O) vibration (Li et al., 2006) .
The D1-band at 1350 cm −1 was termed the "A" band by Kelemen and Fang (2001) , as it represents the "amorphous" structure of the OM. Hu et al. (2015) also used unconventional nomenclature, calling the fitted function at 1336 cm −1 , the "D" band (instead of the D1-band) and the function at c.1200 cm −1 , the "D1" band (instead of the D4-band). Ferralis et al.'s (2016) D5-band classification was previously used by Romero-Sarmiento et al. (2014) , however their D5-band was located at c. 1440 cm −1 , rather than c. 1260 cm −1 . Ferralis et al. (2016) unconventionally named two bands in the same spectrum, the "D3" band. This lack of consistency is detrimental to the wider use of Raman and creates considerable confusion.
Fig. 2.
First-order Raman bands of OM. (a) Non-deconvolved spectrum, along with the Raman parameters that can be calculated. Note that the suffix is 'band' (Table 1 ). (b) 6-band deconvoluted spectrum with the proposed nomenclature of the bands when performing deconvolution. The suffix 'function' is employed to differentiate deconvoluted bands ( Table 1 ). The number of bands fitted to the spectrum is subject to the operator's discretion; however, it is proposed that the band nomenclature presented here should be followed to avoid confusion. SIsaddle index; RBS -Raman band separation; G-FWHM -G-band/function fullwidth at half-maximum; D-FWHM -D-band/function full-width at half-maximum; SSA -scaled spectrum area. We propose that the terminology outlined in Fig. 2 and Table 1 should be adopted for the first-order region of Raman spectra. The general term "D-band" is used for non-deconvoluted spectra; where deconvolution is performed individual D1 -D6 'bands' (functions) can potentially be distinguished (Fig. 2) .
For the second-order region, we propose the adoption of the nomenclature summarised in Fig. 3 and Table 2 , which follows that used by Spötl et al. (1998) , Jehlička and Beny (1999) and Zeng and Wu (2007) . For immature samples there is a single broad band, and only with increasing maturity do the S2 (c. 2700 cm −1 ), S3 (c. 2950 cm −1 ) and S4 (c. 3200 cm −1 ) bands become identifiable (Fig. 3; Zeng and Wu, 2007; Pan et al., 2019) . Once the OM becomes anthracite and the graphitization process begins, the S2-and S3-bands become more discernible and separate into two clear bands ( Fig. 3 ). Another small peak, termed the S1-band, also becomes visible at c. 2450 cm −1 (Buseck and Beyssac, 2014; Pawlyta et al., 2015; Rantitsch et al., 2016) . As the graphitization process continues with increasing thermal alteration, the S2-band becomes stronger and the S1, S3 and S4 bands become weaker. In highly-ordered graphite, the S2-band splits into two separate peaks ( Fig. 3 ), called the G′ 1 (c. 2690 cm −1 ) and G′ 2 (2735 cm −1 ) doublets (Lespade et al., 1982; Wopenka and Pasteris, 1993; Jehlička and Beny, 1999; Beyssac et al., 2002; Rantitsch et al., 2016) , which indicate that the OM is changing to a tri-periodic structural organization (Lespade et al., 1982; Cuesta et al., 1994) .
Raman parameters for different applications
Here, different parameters will be summarised and their suitability for the three main Raman applications: (1) hydrocarbon exploration;
(2) metamorphic studies; (3) estimating maximum heating along fault planes, will be assessed. Table 3 lists commonly recommended parameters along with their source references. The parameter values will not be discussed per se in this section, as the values are strongly dependent on the different methodologies applied (Lünsdorf et al., 2014; Henry et al., 2018) ; we will focus on each parameter's trend and its suitability for each application.
There is considerable confusion concerning parameter abbreviations. For example, Lahfid et al.'s (2010) RA1 and RA2 area ratio parameters were first used to represent the following equations, respectively: (D1 + D4)/(D1 + D2 + D3 + D4 + G) and (D1 + D4)/ (D2 + D3 + G). Chen et al. (2017) then used the same abbreviations, RA1 and RA2, to indicate the area ratios of D/G and D2/G respectively. The same abbreviations were used again for different parameters by Schito et al. (2017) : RA1 = (S + Dl + D)/(S + Dl + D + Dr. + Gl + G) and RA2 = (S + Dl + D)/(Dr + Gl + G; see Schito et al. (2017) for definitions of their band nomenclature). The RA1 and RA2 Raman parameters sensu Lahfid et al. (2010) are most commonly used in metamorphic studies (Hara et al., 2013; Kouketsu et al., 2014; Lünsdorf et al., 2014; Delchini et al., 2016; Schito et al., 2017) ; therefore, we propose that these equations and abbreviations should be followed. There are also discrepancies in the definition of the R2 and R3 Raman parameters (Table 3) between Beyssac et al. (2002) and Hu et al. (2015) . For these two parameters, we propose following Beyssac et al. (2002) , as they are the most widely used (Beyssac et al., 2002; Rantitsch et al., 2004; Mathew et al., 2013; Childress and Jacobsen, 2017) .
The R1 and G-FWHM Raman parameters have also been defined in different ways. Depending on how the G-band region is fitted, whether it is a combination of the G-and D2-functions or fitted separately, different names have been used. When the R1 ratio is calculated using the merged G-and D2-functions some have termed it simply the I D /I G (Quirico et al., 2005; Nakamura et al., 2019; Schito et al., 2019) , whereas others have continued to call it R1 (Eichmann et al., 2018; Henry et al., 2018 Henry et al., , 2019 . On the other hand, when the G-FWHM is calculated using a combination of the G + D2-functions it has been called the G + D 2 width (Eichmann et al., 2018) , as well as the G-FWHM (Henry et al., 2018 . We suggest that the R1 and G-FWHM names should continue to be used whether or not the G-band region is separated into the G-and D2-functions; however, operators should be aware that calculating these Raman parameters via the two methods may lead to significant differences in the values obtained.
Diagenesis, catagenesis and metagenesis
During normal burial conditions, OM remains disordered during diagenesis, catagenesis and metagenesis, as it has not been subject to high enough temperatures to transform into graphite ( Fig. 4 ). During This band is often not named and is ignored as data are commonly not collected at < 2600 cm −1 . S2 c.2700 S1, S, 2D, 2′D1, 2D1 The S1 band splits into two individual bands for highly ordered graphite. 2D = overtone of D-band (2 × 1350 = 2700 cm −1 ). G′ 1 c.2685 NA This band arises when the S2 band splits into two bands for highly ordered graphite. G′ 2 c.2735 NA This band arises when the S1 band splits into two bands for highly ordered graphite. D.G. Henry, et al. Earth-Science Reviews 198 (2019) 102936 catagenesis and metagenesis, important thermal decomposition reactions occur in OM that lead to the generation of oil and gas. It is therefore of no surprise that there has been a tremendous amount of work trying to track the thermal evolution of OM during these stages, particularly to determine the onset of oil, wet gas and dry gas generation (Hartkopf-Fröder et al., 2015) . The most common techniques used are vitrinite reflectance (VR o ) and Rock-Eval™ pyrolysis. VR o is widely used to calibrate basin models that help petroleum exploration geologists delineate areas of interest by creating maturity maps used in common risk segment mapping. It is therefore of value to generate equivalent vitrinite reflectance (% eq VR o ) values when VR cannot be performed, such as in pre-Devonian and deep marine rocks where vitrinite particles are absent/rare, and when VR is subject to suppression and/or retardation, caused by macerals with high hydrogen concentration (e.g. liptinites, amorphous organic matter and hydrogenrich vitrinites), different lithologies, and in overpressured basins (Carr, 2000; Hackley and Cardott, 2016) . Reflectance data from graptolites, bitumen, chitinozoans and conodonts; thermal alteration indices (TAI) such as the spore colouration index (SCI); and geochemical techniques such as Rock-Eval™ pyrolysis and biomarkers have all been employed to estimate % eq VR o (Jarvie et al., 2001; Hartkopf-Fröder et al., 2015 and references therein) .
Raman spectroscopy has been recently used to determine the % eq VR o of OM in the oil and gas windows (0.6-3.0%VR o ; Baludikay et al., 2018; Schito and Corrado, 2018; Henry et al., 2019) from a variety of different organic matter components including vitrinite, graptolites and bitumen. The type of organic matter is not taken into account in Sections 4.1 to 4.3, below, however it will be discussed in Section 5.2. A summary of how the Raman spectrum and Raman parameters evolve with increasing maturity is provided in Fig. 4 . Visually, the main changes in the OM Raman spectrum with increasing maturity (increasing VR o ), are that the G-FWHM decreases and the distance between the D or D1-band and G-band increases.
The two most successful Raman parameters used to estimate VR in the range of 0.5-3. Raman parameters that have been recommended for maturity estimation, along with exemplar studies that have used these parameters.
Method
Parameters RaMM (1) Wilkins et al. (2014 Wilkins et al. ( , 2015 Wilkins et al. ( , 2018 RaMM (2) Wilkins et al. (2015 Wilkins et al. ( , 2018 FWHM -Full Width at Half Maximum. au -arbitrary units. Henry, et al. Earth-Science Reviews 198 (2019) 102936 Hinrichs et al., 2014; Romero-Sarmiento et al., 2014; Eichmann et al., 2018; Schito and Corrado, 2018; Henry et al., 2019) and RBS (Kelemen and Fang, 2001; Zhou et al., 2014; Inan et al., 2016; Mumm and Inan, 2016; Sauerer et al., 2017; Khatibi et al., 2018a Khatibi et al., , 2018b Khatibi et al., , 2018c Schito and Corrado, 2018) (Fig. 5 ). It is impossible to compare the absolute values between studies, as the deconvolution methods and Raman setups are highly variable. However, Fig. 5 shows that the parameters have a general trend. The G-FWHM parameter (Fig. 5a ) has a non-linear relationship with VR o : it sharply decreases from 0.5-2.0%VR o , the gradient reduces to 3.0%VR o , and then flattens out at > c. 3.0%VR o (Fig. 5 ). The RBS parameter behaves similarly, rising sharply to c. 2.0-4.0%VR o and then begins to flatten out (Fig. 5b ). This shows that the G-FWHM and RBS are strong parameters to estimate the maturity of source rocks in the oil, wet gas, and dry gas generation stages. However, they cannot confidently be used to estimate the maturity of over-mature petroleum source rocks. The R1 parameter is commonly used in maturity studies (Table 1) , however it is generally considered to be a poor parameter to estimate % eq VR o values in the oil and gas maturity range (Beny-Bassez and Rouzaud, 1985; Lünsdorf et al., 2017; Henry et al., 2019) . The R1 value has a three-stage evolution, it: (1) decreases slightly up to c. 2.5%VR o ;
(2) then increases up to low-grade metamorphism; and (3) sharply decreases for medium-to high-grade metamorphism, until the OM becomes a perfectly-ordered graphite and the disordered band region disappears (Beyssac et al., 2002; Rahl et al., 2005; Lünsdorf et al., 2017) (Figs. 5-7) . This trend for the R1 ratio makes assessing the maturity for oil and gas exploration ambiguous, as one R1 value offers three different possible VR o values; visual inspection of the spectrum is essential. The R1 parameter is also not as sensitive as G-FWHM and RBS, as small variations of R1 can give substantially different % eq VR o values, and the error associated with the R1 parameter is greater than the subtle decrease of the R1 for the oil and gas generation stages ( Fig. 5c ). However, these general observations are contrary to the results of Guedes et al. (2010) and Liu et al. (2013) , who determined R1 parameter values that increased with increasing maturity up to c. 5.0% VR o with a steep linear calibration curve, albeit with significantly different values, attributable to the contrasting spectral processing methods used. On the other hand, the R1 results of Muirhead et al. (2017b) demonstrated opposite trends for samples in different localities that have been affected by igneous intrusions, which they proposed to be a result of the different heating rates experienced. This suggests that the R1 ratio may not be suited to determine the maximum temperature, but rather may be used as a means to compare different heating rates.
Studies of the D1-FWHM parameter show conflicting results ( Fig. 5d ). Some authors have shown that D1-FWHM has little to no use to estimate the maturity of OM for hydrocarbon exploration, as the band-width remains unchanged up to c. 3-4%VR o (Wopenka and Pasteris, 1993; Spötl et al., 1998) , similar results derived from the D-FWHM were obtained by Henry et al. (2019) . Other studies have concluded that the D1-FWHM is well suited to estimate maturities that are relevant for hydrocarbon studies, as the D1-FWHM decreases with increasing maturity ( Fig. 5d ; Cuesta et al., 1994; Hinrichs et al., 2014; Schito and Corrado, 2018) . Some workers have used the ratio of the Dor D1-FWHM and G-FWHM, which also has a two-step evolution. It firstly increases rapidly as the G-FWHM decreases in width, and when the G-FWHM becomes invariable (at > 3%VR), the D1-FWHM starts to decrease in width, leading to a sharp decrease in the ratio value (Spötl et al., 1998; Zhou et al., 2014; Henry et al., 2019) . The area ratio of the D1-band and G-band (D1 A /G A ) is a commonly used Raman parameter and has been shown to increase with increasing maturity up to c. 3.0% VR o (Fig. 5e ; Zhou et al., 2014; Sauerer et al., 2017) . It then decreases above c. 3.0%VR o (Zhou et al., 2014) .
Other parameters that have been proposed include Wilkins et al.'s (2014 Wilkins et al.'s ( , 2015 Raman Maturity Method (RaMM) that utilises two multilinear regression equations to predict equivalent VR values between 0.4 and 1.2%VR o (RaMM 1) and 1.0-2.5%VR o (RaMM 2) using several Raman parameters. Wilkins et al. (2014) demonstrated that the operator does not need to discriminate vitrinite and inertinites, as both yield similar equivalent VR values. They also proposed that this method corrects for the suppression of VR values. Several integrated area Raman parameters that are calculated between wavenumber regions have also proved to be successful and include the SSA (scaled spectrum area; Henry et al., 2018) and the STA (scaled total area), D_STA (D1band STA), G_STA (G-band STA) and G_shape_factor Lünsdorf et al., 2017;  Table 3 ).
SSA is the total area of the Raman spectrum between 1100 and 1700 cm −1 after background subtraction and normalisation using a maximum G-band height value of 2000, and has a linear correlation with vitrinite reflectance up to c.6.0%VR o . Lnsdorf and Lnsdorf's (2016) Raman parameters are derived by using an automated iterative random-based curve-fitting approach to determine the optimum baseline characteristics, which is then used to calculate the: STA, which is the scaled total area between the region 1000-1800 cm −1 ; D_STA, which is the scaled total area when the spectrum is normalized using the maximum D1-band height between 1000 and 1800 cm −1 ; G_STA, which is the scaled total area when the spectrum is normalized using the maximum G-band height between 1000 and 1800 cm −1 . These parameters have a linear relationship with VR up to c. 6.0%VR o , similar to Henry et al.'s (2019) SSA parameter. Lünsdorf et al. (2017) further developed this approach to include the G-shape-factor ratio, which is the area from 1575 to 1595 cm −1 divided by the area from 1610 to 1630 cm −1 , which helps to combine both the D_STA and G_STA parameters to better determine the temperature of OM across a wider temperature range. Several authors have proposed that different parameters are more sensitive to different maturity ranges (Liu et al., 2013; Du et al., 2014; Wilkins et al., 2014 Wilkins et al., , 2015 Zhou et al., 2014; Zhang and Li, 2019) . Liu et al. (2013) and Zhou et al. (2014) recommended to use both the RBS and R1 Raman parameters: (1) RBS, for low maturity (0.6-3.5%VR o and 1.5-3.5%VR o , respectively); and (2) R1 for high maturity OM (3.5-5.5% VR o and 3.0-5.0%VR o , respectively). Wilkins et al. (2014 Wilkins et al. ( , 2015 also developed two separate calibration curves using the RaMM mentioned above, RaMM 1 and RaMM 2. Employing two calibration curves solves the limited range of using one parameter and recognises that different parameters behave differently depending on the maturity. However, the results obtained will be subject to the deconvolution method that is applied.
Understanding the maturity of OM is important for shale gas exploration. Yuman et al. (2018) noted the necessity to recognise over-maturity (> 3.5%VR o ; anthracite) for OM in shale gas reservoirs. The initiation of over-maturity at c. 3.5%VR is a "turning point" for the Raman spectrum and represents a major chemical and structural change for the OM . This is also broadly demonstrated in Fig. 5 for all the Raman parameters at c. 3.0%VR. In such cases the reservoir quality is severely damaged, as the organic pores and intercrystalline pores of clay minerals are significantly reduced, and source rock quality is poor because the capability to generate hydrocarbons has been exhausted. This is a limiting factor for the two most widely used Raman parameters, G-FWHM and RBS, as they both have non-linear calibration curves that flatten out at c.3.0%VR o . To address this, Yuman et al. (2018) visually determined the onset of shale gas reservoir deterioration by assessing the appearance of the S2-band in the second-order region. Previously, Liu et al. (2013) had shown that the S2-band starts to appear at c. 3.0%VR o . In addition to estimating the maturity of OM, several authors have used Raman spectroscopy to determine other properties in the diagenesis to metagenesis burial range. For example, Khatibi et al. (2018a) determined the Young's modulus of OM, using the RBS Raman parameter, which is important to understand the initiation and propagation of fractures during hydraulic fracturing for shale gas production. Romero-Sarmiento et al. (2014) proposed that Raman spectroscopy may have potential to estimate hydrocarbon retention within source rocks, which is a major factor in determining the total resources, by observing what we term the D6-band (c. 1480 cm −1 ) (Fig. 2c) . However, no empirical relationship between hydrocarbon retention and D6band parameters has been established. Pan et al. (2019) applied Raman spectroscopy for coalbed methane studies, by determining the deformation of graphite in OM related to the adsorption and desorption of gas in coalbeds, which is important for predicting potential gas outbursts after CO 2 injection (Chen et al., 2009 ). Pan et al. (2019) demonstrated that after high-pressure gas adsorption and desorption experiments, the OM underwent deformation, which was evident in the Raman spectrum, as the G-band red-shifted, the D1-band blue-shifted and both the FWHM and the D1 A /G A ratio increased; this suggests that high-pressure gas adsorption and desorption induced defects in the OM lattice. Wilkins et al. (2018) showed that a RaMM 1 vs. RaMM 2 plot can be used to differentiate bitumen from Tasmanites-related alginate. Similarly, Schito et al. (2019) demonstrated that Raman can be used to identify types of OM particle, using a multivariate Principal Component Analysis (PCA) and Partial Least Square -Discriminant Analysis (PLS-DA) method. They showed that using this approach, sporomorphs and phytoclasts can be differentiated. This application has potential to be taken further and might be used to determine other OM components, which will allow operators to perform high-resolution mapping of OM particles in a sedimentary rock.
To conclude, RBS and G-FWHM remain the most popular Raman parameters employed to determine OM maturity during diagenesis to metagenesis, however they have a limited range of application, up to c. 3.0%VR o equivalent. Methods that integrate areas of specific Raman regions such as the SSA, G_STA, D_STA parameters correlate well with higher VR values (up to c. 6.0%VR o ) and may extend the limited range of RBS-and G-FWHM-based maturity determinations. However, G-FWHM has by far the tightest correlation with VR o compared to other Raman parameters (Fig. 5; Henry et al., 2019) , and should be the method of choice when assessing low-maturity rocks. Nonetheless, we propose that other parameters (RBS, R1, D1 A /G A , integrated area regions) should be calculated to cross-check and extend the G-FWHM results.
Metamorphism
A substantial number of studies have used Raman spectroscopy as a tool to determine the maximum temperature reached during regional metamorphism ( 6 . General evolution of the Raman spectrum of OM for the first-order and second-order regions and changes in Raman parameters with increasing metamorphism. Adapted from Buseck and Beyssac (2014) .
D.G. Henry, et al. Earth-Science Reviews 198 (2019) 102936 2013; Scharf et al., 2013; Buseck and Beyssac, 2014; Muirhead et al., 2017a; Hara and Hara, 2018) or to assess the extent of contact metamorphism due to igneous intrusions (Aoya et al., 2010; Chen et al., 2017; Mori et al., 2017; Henry et al., 2019) . Being able to determine the distribution and values of maximum temperatures is extremely important, as it provides insights into the physical and chemical evolution that takes place deep in the Earth, as well as delineating the location of metamorphic facies and minerals that can have substantial economic value. Raman parameters have typically been calibrated against temperature for metamorphic studies, in order to quantify the maximum temperature reached by OM in metamorphic rocks (Figs. 6, 7) . The most widely used calibration curves are presented in Table 4 , and a general summary of how the Raman spectrum of OM and Raman parameters change with increasing metamorphism is illustrated in Fig. 6 . Examples of Raman parameter vs. temperature calibration curves are shown in Fig. 7 . The G-FWHM parameter continues the decreasing trend from diagenesis-metagenesis up to c. 360°C (Fig. 7a) and then the D2-band begins to separate from the G-band (Fig. 6 ; Wopenka and Pasteris, 1993; Buseck and Beyssac, 2014) . The D2-band separation transition from the G-band is a possible reason why the G-FWHM has a non-linear calibration curve with VR o and temperature (°C) values (Kouketsu et al., 2014; Henry et al., 2019) , as the G-band FWHM initially begins to widen as the D2-band starts to detached and once it is fully detached, the G-FWHM then decreases again (Fig. 5a) .
During catagenesis-metagenesis the RBS parameter increases with increasing temperature and then flattens at > 3%VR o (c. 250°C; Fig. 5b ); a reversal occurs during metamorphism and the RBS begins to decrease as the G-band position moves to lower wavenumbers (Figs. 6,  7b) , which explains the separation of the D2-band from the G-band. The R1 parameter decreases slightly up to metagenesis, and then R1 begins to sharply increase as the D1/D-band height increases with respect to the G-band height up to c. 350°C (Fig. 7c) ; these observations contradict the view of some authors who have stated that the larger the ratio, the less ordered the OM structure Huan Table 4 ). Beyssac et al. (2002) developed the first Raman empirical equation to determine temperatures between 330 and 650°C, using the R2 parameter (Fig. 7f ). The R2 parameter empirical equation was subsequently modified by Rantitsch et al. (2004) who worked on isolated OM and Aoya et al. (2010) who worked on contact metamorphic rocks (Table 4) . Endo et al. (2012) and Kouketsu et al. (2014) both tested the Beyssac et al. (2002) and Aoya et al. (2010) R2 calibration equations and demonstrated that the calibration curves showed no significant difference to their results (Fig. 7f ). This would imply that the same calibration curve can be used for both regional and contact metamorphism. However, it should be noted that Endo et al., 2012 did not follow the exact method used by Beyssac et al. (2002) or Aoya et al. (2010) , as they did not include the D3-band when performing deconvolution. Rahl et al. (2005) tested the R2 parameter for low-grade metamorphic temperatures and showed that R2 remains constant at < 300°C, and is therefore a poor parameter to quantify low-temperature metamorphism (Fig. 7f ). Beyssac et al. (2002) explained that the R2 parameter remains constant below c.300-330°C because the coherent domains composed by the aromatic rings in the organic matter structure are too small. Rahl et al. (2005) created a new method combining both the R1 and R2 parameters, to cater for metamorphic rocks that have been exposed to lower temperatures (Table 4, Fig. 8 ; 100-700°C ± 50°C). They successfully tested the calibration equation on low-grade metamorphic rocks in New Zealand and high-pressure metamorphic rocks in Crete (Greece). Rahl et al.'s (2005) wide temperature range offers better practicality, as no prior knowledge of the thermal maturity and geological context is needed. Scharf et al. (2013) (Table 4 ; Figs. 6, 7g, h) . Both parameters increase with increasing temperature. Hara et al. (2013) showed that the parameters can reliably estimate low-grade metamorphism (< 300°C), although Kouketsu et al. (2014) indicated that RA1 and RA2 overestimate the temperature of metamorphic rocks for temperatures < 200°C and of > 300°C by > + 50°C. By contrast, Schito et al.'s (2017) version of the RA1 and RA2 parameters, discussed in Section 4, were successfully applied to low-maturity rocks (0.5-1.5%VR o ).
The D1-FWHM parameter of Kouketsu et al. (2014) has been calibrated for the temperature range 150-400°C (Figs. 6, 7d) . The D1-FWHM parameter remains invariable for temperatures > 400°C. Several authors have applied Kouketsu et al.'s (2014) D1-FWHM Raman method (Baludikay et al., 2018; Hara and Hara, 2018; Mészáros et al., 2019; Yu et al., 2019) . For example, Hara and Hara (2018) used it to determine the temperatures reached in an accretionary complex, and Yu et al. (2019) used it to assess the temperature characteristics of detrital graphite particles and employed these as tracers in sediment provenance analysis. Kouketsu et al. (2014) also constructed an empirical relationship with the D2-FWHM parameter and temperature; however, this parameter may prove to be problematic as it is difficult to differentiate between the D2-and G-functions for low-temperature metamorphic rocks (Fig. 6) 
NA -no available information given in the paper. D.G. Henry, et al. Earth-Science Reviews 198 (2019) (2017) G_STA, D_STA and G_shape_factor have been applied in diagenesis to metagenesis applications (Section 4.1), however, the temperature range of these parameters extend from 160 to 600°C and they can therefore be used to determine metamorphic temperatures. The SSA parameter by Henry et al. (2018) also extends from 0.5 to 6%VR o , which covers the metamorphic range. Both of these authors' methods derive parameters calculated by integrating area regions (Table 3) , and do not use areas of individual bands as is commonly the case for parameters utilised in metamorphic studies (e.g. R2, RA1, RA2).
The second-order region of the Raman spectrum is also helpful for the analysis of metamorphic rocks (Fig. 6 ; Wopenka and Pasteris, 1993; Buseck and Beyssac, 2014) . It is clear from Fig. 6 and from Beyssac et al. (2002) that the height or area ratio of the S2 and S3 peaks can be a powerful parameter, as the S2 height increases with respect to the S3 height with increasing temperature. The splitting of the S2 band into the G′ 1 and G′ 2 bands is also a sign that the metamorphic environment has reached extremely high temperatures and pressures (eclogite facies; Beyssac et al., 2002; Buseck and Beyssac, 2014; Rantitsch et al., 2016) .
Similar to diagenesis-metagenesis, some authors have tried to use two calibration curves to analyse samples displaying a wide maturity range. Mori et al. (2017) To summarise, the Raman community studying metamorphism has adopted a more consistent approach than those working on lower maturity rocks (diagenesis to metagenesis), as authors frequently apply and compare calibration curves that have been published in the literature. R2 is the most commonly used Raman parameter albeit calculated following several minor modifications; it appears to offer reliable temperature estimates, with only a small deviation in results obtained by different laboratories. However, the R2 parameter has a limited temperature range and it cannot be employed for low-temperature metamorphic studies (< 300°C), which is where Rahl et al.'s (2005) and Lahfid et al.'s (2010) Raman parameters can be used. Additionally, Lünsdorf et al. (2017) and Henry et al. (2018) have demonstrated that the integrated areas of specific regions on a smoothed, background-corrected spectrum (rather than individual bands areas), have good linear relationships with temperature and VR o , and the parameters derived from these also have potential application in studies of low-to high-temperature metamorphism. There is therefore scope to unify several methods in order to determine metamorphic temperatures for a wide temperature range.
Frictional heating along fault zones
Determining the maximum temperature reached during frictional heating along fault planes can provide important information on the amount of total seismic energy released, shear stress, slip distance and the mechanochemistry (Kitamura et al., 2012; Kaneki et al., 2016; Hirono, 2018, 2019) . Understanding the maximum temperature along a fault plane can also help predict potential future risks, as the formation of graphite will lead to the lubrication of faults, similar to clays, and magnify the movement along the fault (Oohashi et al., 2011; Kuo et al., 2018) .
Measuring the maximum temperature reached on fault planes has typically been performed using vitrinite reflectance (Furuichi et al., 2015; . However, Kitamura et al. (2012) argued that VR cannot accurately estimate maximum temperature in a fault zone, as the mechanochemical effects that are associated with faulting lead to the overestimation of %VR o maturity. By contrast, Nakamura et al. (2015) proposed that shearing during faulting leads to interlayer delamination and pulverization of OM, increasing edge plane defects and therefore lowering the crystallinity of OM, leading to an underestimation of maturity. On the other hand, it has been suggested that Raman spectroscopy may provide information on both the maximum temperature reached and the deformation processes, unlike vitrinite reflectance (Nakamura et al., 2015; Kaneki et al., 2016; Kuo et al., 2018) .
Raman spectroscopy has been used in multiple studies in order to measure the maturity of OM in fault zones and there is clear evidence that the Raman spectra in pseudotachylytes, cataclasites and host rocks are different (Furuichi et al., 2015; Nakamura et al., 2015; Kaneki et al., 2016; Liu et al., 2016; Ito et al., 2017; Kouketsu et al., 2017; Kuo et al., 2017 Kuo et al., , 2018 Mukoyoshi et al., 2018) . The calibration curves constructed to estimate the thermal maturity of burial and contact metamorphism cannot be applied here, as there are other important factors that must be taken into consideration, such as: heating rates; duration of heating; slip rate; shearing; repeated heating episodes; and interaction with hydrothermal fluids. Different laboratory experiments have been performed in order to understand some of these effects, however it is very hard to replicate natural conditions in the laboratory and create reliable calibration curves (Hirono et al., 2015; Kaneki et al., 2016; Mukoyoshi et al., 2018; Nakamura et al., 2019) .
The D1 A /G A and R1 parameters are most commonly used to estimate frictional heating in fault zones. Fig. 9 shows how the D1 A /G A and R1 parameters evolve with increasing frictional heating. D1 A /G A values remain relatively constant at < 300°C although some authors have shown that they decrease slightly (Kaneki et al., 2016; Mukoyoshi et al., 2018) , then begin to increase up to 1000°C (Fig. 9a ). Beyond 1000°C, D1 A /G A values begin to decrease. This is a similar trend to that observed during diagenesis-metagenesis and metamorphism (Fig. 7e) , albeit at substantially different temperatures. The R1 ratio remains constant at < c. 700°C and then begins to increase (Fig. 9b ). However, unlike diagenesis-metagenesis and metamorphism, the ratio continues to increase to 1300°C. It could be that the R1 ratio will decrease at higher temperatures. Hirono et al. (2015) demonstrated that shearing at < 250°C does not influence the R1 ratio. confirmed that shearing does not impact the R1 parameter at lower temperatures (< 700°C), but they showed that at elevated temperatures > 700°C, increased shearing pressures progressively increases the R1 ratio, as the increasing temperature allowed the formation of graphite that encourages even more shearing. This suggests two things: (1) Hirono et al.'s (2015) shearing experiment did not reach high enough temperatures to promote graphitization and encourage slippage; and (2) the formation of graphite promotes shearing that leads to increased interlayer delamination and pulverization, that has a direct impact on the R1 ratio. Therefore, the R1 parameter may potential be used to determine deformation processes, such as shearing pressures. Results from Kuo et al. (2018) demonstrated that for natural samples, the R1 ratio decreases in the gouge zones, in comparison with the less deformed brecciated zones, which is in disagreement with the experimental results of . They also showed that the G-band position red-shifts with increasing strain during faulting. Kuo et al. (2018) also determined that D1-FWHM decreases with respect to the G-FWHM, with increasing frictional heating. Hirono et al.'s (2015) heating experiments showed that the environmental conditions may potential lead to different types of reactions affecting the Raman parameters, as the D1 A /G A and R1 values for samples heated in air vs. argon were slightly different (Fig. 9 ). demonstrated that faster heating rates in the laboratory delayed the thermal alteration reactions of OM ( Fig. 9) and proposed that such delays may also be present in fault rocks.
The laboratory experiments performed by Kaneki and Hirono (2019) , demonstrated that with increasing maturity the carbonaceous matter weakens and has lower peak friction coefficients, hence promoting slippage. Interestingly, they observed that shearing increases the maturity for low to intermediate maturity carbonaceous matter, whereas shearing decreases the maturity of high-maturity carbonaceous matter. This further highlights the complexity of using Raman as maturity tool in fault zones.
Overall, the study of OM in fault zones using Raman spectroscopy is still in its infancy, and only the D1 A /G A and R1 parameters have been widely used in the literature. It is recommended that Raman parameters that are not derived from complex deconvolution methods should be tested, in order to minimise bias, similar to the approaches adopted by Lünsdorf and Lünsdorf (2016) , Henry et al. (2018 Henry et al. ( , 2019 and Schito and Corrado (2018) . Studying graphite in fault zones has an inherent risk, as the carbon needed for graphite formation can originate directly from sedimentary organic matter or from non-organic carbon precipitated from carbon-rich fluids (CO 2 and CH 4 ; Cao and Neubauer, 2019 and references therein), hence why it is often referred to as 'carbonaceous materials' (CM) in fault zone studies. Unlike vitrinite reflectance, Raman spectroscopy may be able to differentiate between the different origins by using methods that have been previously applied by Wilkins et al. (2015) and Schito et al. (2019) to determine different types of OM. Another limitation in determining the frictional heating of OM in fault zones is that structural ordering may also be induced by the increased pressures and shearing during the physical movement of faults, which has been shown to alter the Raman spectrum (Huang et al., 2010; Kouketsu et al., 2019b) .
Developing a standardized approach
Deconvolution
Deconvolution allows the operator to fit multiple functions to the Raman spectrum that represent different modes of vibration and to assess a suite of derived parameters (Beyssac et al., 2002; Wilkins et al., 2014; Sauerer et al., 2017; Schito and Corrado, 2018) . Deconvolution is typically performed in the first-order region; however, several studies have also performed it in the second-order region (Beyssac et al., 2002; Rantitsch et al., 2004; Zeng and Wu, 2007; Childress and Jacobsen, 2017) . The number of functions fitted when performing deconvolution in the first-order region is extremely variable, ranging from 2 to 10 functions (Table 5 ). This lack of consistency between authors makes it near impossible to compare results and biases.
We recommend that simplicity and consistency is key for the wider utilisation of Raman spectroscopy as a geothermometer. However, performing a simple 2-band deconvolution of only the D1-and G-band (Kaneki et al., 2016; Liu et al., 2016; Mukoyoshi et al., 2018; Pan et al., 2019) generates a poor fit with the raw spectra, especially for amorphous OM. Performing complex deconvolution methods with several fitted bands can also be highly subjective and create considerable bias, especially for low-maturity OM (Hinrichs et al., 2014; Lünsdorf et al., 2014; Lupoi et al., 2017; Henry et al., 2018) . Some authors have performed several different types of deconvolution depending on how mature the OM is (Kouketsu et al., 2014; Ulyanova et al., 2014; Delchini et al., 2016; Schito et al., 2017) ; this requires visual identification of the spectra or prior knowledge regarding the burial of the samples. Nevertheless, the use of multiple deconvolution methods for different maturities is essential because with progressive maturation, individual disordered bands will begin to disappear and must be excluded from the deconvolution (Kouketsu et al., 2014; Delchini et al., 2016; Lünsdorf et al., 2017; Schito et al., 2017) .
A major talking point is whether to fit the D2-band or not, in the Gband region. Kouketsu et al. (2014) claimed that the G-band is absent for low crystallinity OM (< 165 ± 35°C), and that the region at c.1600 cm −1 is composed solely of the D2-band. Only for higher crystallinity samples did they begin to fit the G-band. Several authors have highlighted the difficulty in fitting the D2-band for low maturity/poorly ordered OM (Beyssac et al., 2002; Brolly et al., 2016; Henry et al., 2018) . Henry et al. (2018) avoided fitting the D2-band as there is no logical way in determining how the D2 or G-functions should fit. We continue with this school of thought and recommend that if deconvolution is performed, the D2-band should not be fitted, unless it is visible.
Several authors have set constraints when performing deconvolution (Kouketsu et al., 2014; Lünsdorf and Lünsdorf, 2016; Ito et al., 2017) . Assigning constraints to peak widths, positions and heights is not advisable, as it forces the deconvolution outcome to work around the conditions that have been set, which may not be representative of the D.G. Henry, et al. Earth-Science Reviews 198 (2019) 102936 true nature of the Raman spectrum. On the other hand, it is understood that assigning constraints limits the number of potential deconvolution outcomes for a spectrum. Schopf et al. (2005) considered the best deconvolution outcome to have the best statistical fit with the original spectrum. Although statistical fit is important, operators should not fall into the trap that "if I have a good statistical fit, I have a realistically fitted spectrum", as Henry et al. (2018) demonstrated that functions fitted with unrealistic positions, widths and heights can nonetheless yield good statistical fits. It is therefore recommended that if deconvolution is performed, visual analysis of the spectrum should be undertaken in order to quality check the position, widths and heights of the fitted functions. When performing deconvolution, Lünsdorf et al. (2017) determined three sources of bias: (1) operator bias; (2) sample heterogeneity bias;
(3) different analytical conditions. They proposed that performing an automated method will rule out the operator bias. Several authors have developed an automated deconvolution method in order to determine maturity parameters from individual Raman bands Bonoldi et al., 2016; Schito and Corrado, 2018) . Lünsdorf et al. (2017) developed a robust open source software package (http://www.sediment.uni-goettingen.de/download/) that automatically performs random curve fitting in an iterative approach in order to determine the optimum baseline correction, which avoids operator bias. Although deconvolution is performed during the iterative curve fitting steps, the individual bands are not used; it is only used to determine the optimum smoothed, baseline corrected spectrum, where the D_STA and G_STA parameters are calculated. This method has proved to be very successful and the parameters have a good relationship with VR. Lnsdorf et al.'s (2017) method tackles a very important issue, as the baseline correction can introduce extremely bias, the method also avoids using individual bands and uses the area ratios of the whole smooth, baseline corrected spectrum. Henry et al. (2018) also used a smooth baseline corrected spectrum, however here the baseline is calculated using predefined control points and the accuracy of the baseline correction is determined by performing a visual inspection. This can create unnecessary bias in spectra with a non-linear fluorescence background. In order to avoid bias, Henry et al. (2018) rejected all spectra with substantial fluorescence. Schito and Corrado (2018) also developed a novel approach, where a linear baseline subtraction occurs at the shoulder points of the D1-and Gbands, and then after the baseline correction is performed, each band is fitted with a Gaussian fit separately. This method again tries to minimise the bias associated with the baseline correction, similar to Lünsdorf et al. (2017) , but takes a different approach.
A major barrier for the wider utilisation of Raman spectroscopy as a geothermometer, is to decide whether to perform deconvolution or not, as there are many different approaches and it is confusing for a new operator to determine which method to use. In order to encourage the wider use of the technique, Raman spectroscopy needs to be standardized. This review acknowledges that deconvolution has been extremely popular, but it is not an exact science for poorly ordered amorphous OM. Recent papers (Lünsdorf et al., 2017; Henry et al., 2018 Henry et al., , 2019 Schito and Corrado, 2018; Mi et al., 2019) have now demonstrated that complex, ambiguous deconvolution methods of several bands are not needed, and that reliable results can be achieved otherwise. Lünsdorf et al. (2017) and Schito and Corrado (2018) have also developed novel approaches to reduce the operator bias in baseline subtraction. We believe that there is no need to perform deconvolution if several Raman parameters (e.g. RBS, G-FWHM, SI, R1, SSA) can be derived from an un-deconvolved spectrum that can track the thermal evolution of OM. This will allow for a more practical and faster analysis with less bias.
Sample type
Several different sample types have been tested using Raman spectroscopy to analyse OM: polished rock cut-surfaces and thin-sections (Beyssac et al., 2003; Rahl et al., 2005; Allwood et al., 2006; Quirico et al., 2011; Mathew et al., 2013; Hinrichs et al., 2014; Wilkins et al., 2014; Henry et al., 2018) , strew slides Baludikay et al., 2018; Henry et al., 2018; Khatibi et al., 2018a) and rock chips (Muirhead et al., 2017a; Sauerer et al., 2017 ; Henry et al., Table 5 Raman spectral deconvolution methods used in the first-order region for the determination of OM maturity.
Bands (total bands) References Notes
No deconvolution Spötl et al. (1998) ; Jehlička and Beny (1999) ; Inan et al. (2016) ; Henry et al. (2018) ; Kaneki and Hirono (2019) . G, D1 (2) Beny-Bassez and Rouzaud, 1985; Kelemen and Fang (2001) D.G. Henry, et al. Earth-Science Reviews 198 (2019) 102936 2019). It is widely acknowledged that polishing OM can alter the Raman spectrum (Beyssac et al., 2003; Ammar and Rouzaud, 2012; Lünsdorf, 2016; Henry et al., 2018) . Results from Ammar and Rouzaud (2012) , Lünsdorf (2016) and Henry et al. (2018) showed that polishing increases the relative height and blue-shifted the D1/D-band region. This has been attributed to the interlayer delamination of the carbon structures leading to the buckling of graphene layers (Ammar and Rouzaud, 2012; Lünsdorf, 2016) , similar to that observed during frictional heating, as described by Nakamura et al. (2015) . Ammar and Rouzaud (2012) and Henry et al. (2018) demonstrated that after polishing OM with a 1 μm diamond and 0.04 μm colloidal silica slurry respectively, the D1-band region increases in height (increasing the R1 ratio), but the G-FWHM is invariable, suggesting that the G-FWHM parameter has the potential to be used on polished sections. This is valuable information, as polishing a sample may be the only way to locate rare dispersed OM in a rock, and knowing which Raman parameters may or may not be impacted by polishing is essential. Henry et al. (2018) further demonstrated that the change in the D1band height is not systematic, so it cannot be assumed that polishing impacts all the OM components in a sample to the same degree. This challenges the assumption by Jubb et al. (2018) that polishing impacts all the OM structure by the same amount in a single sample. Lünsdorf, 2016 showed that polishing using a slurry with a grain size of P2500 to 1 μm does not alter the STA, R1 and position of the G-band; however, using a finer grain slurry of 0.05 μm does alters these parameters. Their results indicated that the D1-band decreases in height with polishing, which is the opposite of the results obtained by Ammar and Rouzaud (2012) and Henry et al. (2018) which showed increased values. Lünsdorf (2016) also demonstrated that after polishing the G-band position tends to red-shift for lower maturity samples (c. < 3.0%VR o ) and blue-shift for high maturity samples (> 4.0%VR o ). The red-shift of the G-band after polishing for low-maturity samples was not observed by Henry et al. (2018) . Ammar and Rouzaud (2012) , Lünsdorf (2016) and Henry et al. (2018) targeted polished OM; however, authors who have studied polished thin sections have avoided analysing polished OM, by targeting OM that lies beneath the surface of transparent minerals (Pasteris, 1989; Beyssac et al., 2002; Aoya et al., 2010; Ammar and Rouzaud, 2012; Mathew et al., 2013; Kouketsu et al., 2014; Barzoi, 2015; Mészáros et al., 2019) .
Analysis of OM in strew slides has been performed by Schmidt et al. (2017) and Henry et al. (2018) by isolating the OM from the rock using hydrofluoric (HF) and hydrochloric (HCl) acids. Both groups recognised the potential of performing palynofacies and multiple thermal alteration studies (e.g. thermal alteration indices, spore colouration index) contemporaneously, along with the Raman analysis. Performing Raman analysis on strew slides is also extremely useful if a rock is lean in OM and locating OM particles via polished sections or in rock-chips proves to be challenging. Schmidt et al. (2017) compared the results derived from translucent, degraded, opaque and bitumen particles, and showed translucent phytoclasts to be the most reliable. Henry et al. (2018) confirmed that opaque phytoclasts should be avoided, but that the Raman parameter results were similar for amorphous organic matter (AOM) and translucent phytoclasts; however, it should be noted that their study was performed on samples with similar low maturity. Lünsdorf et al. (2014) demonstrated another advantage of using strew slides, as treating samples with hydrofluoric (HF) acid lowered the standard deviation for both the RA1 and RA2 parameters; the reason for this was believed to be that the HF removed functional groups or clays, which led to a reduction in the background fluorescence.
It is important to prepare strew slides in a consistent manner and to then store them in a desiccator; however, for long term storage it may be best practice to store them in an inert atmosphere to avoid hydration and oxidation reactions. Schopf et al. (2005) showed that when the same isolated OM particle was dehydrated and hydrated, the G-FWHM values varied by 18 cm −1 , which would give significantly different and potentially misleading maturity results. Quirico et al. (2005) highlighted that moisture in the OM can lead to photo-oxidation of the OM which increases the fluorescence. To avoid the fluorescence caused by moisture, Lupoi et al. (2018) dehydrated their samples at 110°C overnight in an oven prior to Raman analysis. This is inadvisable, as heating a sample at > 60°C can artificially thermally alter the OM. When preparing strew slides for Raman analysis, we propose that the strew slides should be left to either air dry or oven dry at temperatures < 60°C for up to 24 h, in order to remove the moisture, and then kept in a desiccator or, if stored for a longer period of time, sealed in an inert atmosphere. Sealing the samples without firstly drying them can lead to continuing oxidation, as the moisture will not have been removed and will persist in the OM (Quirico et al., 2005) . Sauerer et al. (2017) and Henry et al. (2019) demonstrated that the Raman analysis of OM in unprepared rock-chips can be rapid, cheap and reliable; however, it may be difficult to locate OM particles under the microscope, especially for rocks lean in OM. The operator also needs to be careful that adjacent minerals do not produce significant fluorescence, which can obscure the OM Raman bands. Nevertheless, using rock-chips allows Raman spectroscopy to be used on-site, as no sample preparation is needed. However, this approach will work best on coal samples, rather than rocks with dispersed OM. Brolly et al. (2016) showed that oxidation of rocks can dramatically impact the spectrum of OM, as haematite has a strong Raman band at c. 1300 cm −1 , which merges with the D-band region for OM. The presence of haematite will impact the D-band region by shifting the band to lower wavenumbers, reducing the width and increasing the height with respect to the G-band. The G-band is affected, as haematite increases the G-FWHM and blue-shifts the position. Haematite also drastically increases the noise of a Raman spectrum of OM. However, Brolly et al. (2016) showed that treating oxidised samples with HF will remove the interfering haematite signal, as well as removing fluorescence caused by clay minerals (Villanueva et al., 2008; Lünsdorf et al., 2014) . Wopenka and Pasteris (1993) expressed caution regarding the effects of the orientation of OM with respect to the incident laser, as it might potential lead to bias in the results. This is a common phenomenon when performing vitrinite reflectance and is known as bi-reflectance (Hartkopf-Fröder et al., 2015) . Aoya et al. (2010) tested this by analysing thin sections that were cut perpendicular and parallel to bedding and demonstrated that the orientation of the elongated OM grains has an insignificant effect when using the R2 Raman parameter for metamorphic rocks in the temperature range 300-650°C. However, Lünsdorf et al. (2014) revealed that for highly crystalline samples, the structural orientation of the OM with respect to the laser can impact the R1 and R2 ratio. Kouketsu et al. (2014) also noted that the orientation of high crystallinity samples could potentially have a dramatic effect on the Raman spectrum; however, they demonstrated that this effect is negligible for low-temperature/low-crystallinity samples. Tunistra and Koenig (1970) expressed concern about intra-grain heterogeneity, and showed that the Raman spectra close to grain boundaries were different when compared to the spectra acquired from the internal body of the OM. Aoya et al. (2010) therefore proposed that at least 50 measurements should be performed in order to capture this heterogeneity and get reliable average results; this was further highlighted by Lünsdorf et al. (2014) . Kelemen and Fang (2001) , Bonoldi et al. (2016) and Schito and Corrado (2018) showed that the thermal evolution of different kerogen types (I, II and III) follow similar trends. Raman spectroscopy has also been performed successfully on different OM components, including bitumen (Liu et al., 2013; Hackley and Lünsdorf, 2018) , graptolites Mumm and Inan, 2016) , chitinozoans (Roberts et al., 1995) and agglutinated foraminifera (McNeil et al., 2016) . Mori et al. (2017) demonstrated that Raman parameters derived from OM in limestones, sandstones and mudstones are similar, indicating that lithology does not affect the Raman spectrum. This suggests that Raman measurements may not be impacted by suppression, unlike vitrinite reflectance.
Raman instrumentation
It is accepted that different laser wavelengths impact the Raman Dband region of OM (Vidano et al., 1981; Ferrari and Robertson, 2001; Starkey et al., 2013; Sauerer et al., 2017; Henry et al., 2018; Jubb et al., 2018) . There is a progressive red-shift of the position of the D-band region with increasing excitation wavelength and vice-versa, whereas the position of the G-band remains unaffected (Vidano et al., 1981; Kouketsu et al., 2014; Jubb et al., 2018) . Aoya et al. (2010) compared the R2 parameter values from a 514.5 nm and a 532 nm laser and demonstrated that the 532 nm laser had systematically slightly larger R2 values. Starkey et al. (2013) demonstrated that increasing the laser wavelength from 473 nm to 632 nm, increases the D1-FWHM, whereas the G-FWHM have very similar values using a 473 nm and 514 nm system and only increases greatly when using a laser wavelength > 632 nm. They also showed that the D1-band position blue-shifts and that the G-band position unpredictably changes with increasing laser wavelength. Visual inspection of the spectra in Starkey et al. (2013) , suggests that the G-band height decreases with respect to the D1-band height with increasing wavelength, which has also been demonstrated by Lünsdorf and Lünsdorf (2016) . D1-FWHM and G-FWHM results obtained by Kouketsu et al. (2014) showed little difference between the 514.5 nm and 633 nm lasers, whereas the D1-band position and R1 ratio were affected; however, they did not show any data that describes how these parameters are affected. Lünsdorf et al. (2017) demonstrated that the D_STA and G_STA parameters follow the same path with increasing maturity when using either a 488 nm or a 532 nm laser.
Current evidence suggests that the G-FWHM parameter may have good comparability between laboratories using different laser wavelengths and any differences will be related mostly to operator bias. By contrast, D1-FWHM, RBS and R1 values will be impacted by both the choice of laser wavelength and operator bias. Increasing the laser wavelength will also increase fluorescence and drastically reduce the quality of the Raman spectrum (Quirico et al., 2005; Lünsdorf and Lünsdorf, 2016; Henry et al., 2018; Goryl et al., 2019) . It is therefore recommended to use a laser wavelength < 532 nm, especially for lowmaturity samples.
An interlaboratory experiment consisting of three laboratories was performed by Lünsdorf et al. (2014) , who showed that the R1 and R2 results can be significantly different, even if the same laser wavelength is used. The disparity in the results may be attributed to other factors such as different gratings and CCD cameras, intra-sample heterogeneity and most importantly, operator bias. Further comparisons between different Raman spectroscopy setups will be essential to see whether laboratories can use the same calibration curves or not, and to determine which setups inherently generate the least bias. Henry et al. (2018) demonstrated that in-situ burning of OM occurs when using a laser power > 1 mW and this causes increased fluorescence in the Raman spectrum, as well as blue-shifting the G-band position and increasing the G-FWHM. Whereas the D-band region, other than being affected by fluorescence, remains invariable. This has subsequently also been shown by Nakamura et al. (2019) . It is therefore advised that low laser powers are used (c. 0.02 mW) and inspection before and after the analysis should be performed to determine whether any damage has occurred (Henry et al., 2018) .
Calibration
Raman studies on OM to date have been performed in a large number of laboratories world-wide by teams of researchers using different instrumentation and working on a variety of sample materials. The analytical precision of the data obtained may be readily determined by a laboratory, but the accuracy and transferability of results remain largely untested. There is a need for a suite of reference samples of known maturity, so that laboratories can perform in-house calibrations with a sub-sample set and then test the accuracy and precision of the calibration curve on another sub-sample set (Lünsdorf et al., 2017) . This will make the comparison of vitrinite reflectance and temperature values more reliable between laboratories and allow to better assess and quantify the bias associated with different experimental set-ups, sample preparation and operator bias. Lünsdorf et al. (2017) have pioneered this work and compiled a set of 25 reference samples from the central and western Alps that covers the temperature range of c.160-600°C, which are available upon request from the first author.
Vitrinite reflectance calibration is performed by analysing the reflectance of standards composed of crystalline material such as spinel (0.4%) and yttrium-aluminium-garnet (YAG, 0.9%). However, it is still unclear what the best sample type might be for the calibration of Raman spectrometry; whether it should be OM that has been naturally heated, or OM that has been artificially heated in the laboratory. The latter may exhibit similar Raman parameters to samples that have been matured naturally (Kelemen and Fang, 2001; Zhou et al., 2014; Bonoldi et al., 2016) . However, Hackley and Lünsdorf (2018) and Khatibi et al. (2019) demonstrated that Raman parameters derived from artificially heated OM do not follow the same trend as naturally matured samples. Hackley and Lünsdorf (2018) showed that the G_STA and RBS Raman parameters have higher values and the D/G values are lower for artificially heated samples, demonstrating that the artificial samples do not follow the same maturation pathway as natural samples.
In laboratory experiments by Huang et al. (2010) , it was shown that under extremely high pressure (1000-6500 MPa), the D1-band redshifts more than the G-band, decreasing the RBS, and the G-FWHM visually decreases with increasing pressures, suggesting that pressure is retarding the maturity values derived from these Raman parameters. However, it must be noted that the pressures used in this study far exceed pressures for sedimentary rocks and are only applicable to ultrahigh-pressure metamorphism. Du et al. (2014) also showed that different pyrolysis set-ups impact the Raman parameters, suggesting that different environmental conditions can yield variable Raman results.
These results demonstrate that: (1) calibration curves constructed using artificially heated samples should be used with caution; (2) different pressures, heating rates and heating length impact the Raman spectrum of OM. It is therefore encouraged that further work on artificially heated samples with varying deformation styles, pressures and heating rates should be performed, and the results compared to samples that have been matured naturally. It must also be acknowledged that calibration curves constructed using naturally matured samples may only be relevant to that geological area.
Future
To progress Raman spectroscopy as a geothermometer we need to develop and follow a standardized method and undertake interlaboratory comparison tests, like those performed previously for VR (Hackley et al., 2015) . It is recommended that a diverse set of natural reference samples should be assembled and tested. We advise that artificially heated samples should not be used to create calibration curves for diagenesis to metamorphism studies. However, we would encourage experiments to test the effects of different heating rates, pressures and deformation styles, to get a better appreciation of how different environments may impact the Raman spectrum. This will be of particular value for the application of Raman analysis of OM to the interpretation of processes occurring in fault zones.
Suitable reference samples should be: homogenous, with large quantities of material available in order to create sub-sets for several laboratories; fully characterised using a range of maturity proxies, including VR and Rock-Eval™ pyrolysis for diagenesis to metagenesis, and include mineral assemblage and mineral chemistry data for metamorphic studies. An interlaboratory test can then be devised. We recommended that a workflow similar to that illustrated in Fig. 10 should be followed, in order to compare and quantify the bias associated with different instrumental set-ups, sample preparation and operators.
Selected laboratories should receive two suites of reference samples. One sample set will be used for Raman calibration and the other to perform a blind test to assess the accuracy of the calibration curves. Each calibration and blind test sample will be split into three subsamples that will undergo different sample preparations (polished sections, strew slides and rock chips). Calibration curves will be constructed for each sample type and a blind test performed on each of these. The blind test Raman equivalent VR and temperature values will be compared with the prior measured VR and temperatures values. The results will then be reviewed, and data obtained by different laboratories, sample preparations, Raman instrumentation, and operators will be analysed statistically to identify the elements most subject to bias, and to determine the precision and accuracy of the results obtained using different methodologies.
The deployment of portable Raman instrumentation is also of future interest, as it has the potential to allow operators to perform near realtime maturity analysis on a drilling rig or out in the field when performing metamorphic and structural geology studies. However, this approach has yet to be assessed and the technical feasibility operating in an environment with constant vibration, such as a drilling rig, is debatable. For field analysis, it will be necessary to attach a microscope with either a live streaming camera or eyepiece, so that the operator can target OM particles. Future studies will also need to assess the portable Raman suitability for the analysis of coal and rocks that contain dispersed OM. For dispersed OM, it will be necessary to design a portable Raman instrument with a small laser spot size, similar to the bench-top Raman (c. 2 μm). Having a means to target the OM and have a small laser spot size will help the operator avoid analysing adjacent non-organic grains that can cause fluorescence and obscure the OM Raman bands.
Conclusion
Raman spectroscopy offers a cheap, rapid, non-destructive and highresolution alternative maturity tool than can be used independently or in combination with more conventional methods in order to: (1) reduce the risk in determining the maturity of source rocks during hydrocarbon exploration; (2) determine temperatures associated with contact and/or regional metamorphism; (3) quantify the amount of frictional heating and deformation that has occurred along fault zones.
The G-FWHM and RBS parameters are the most reliable Raman variables that can be used to estimate the maturity of OM during diagenesis-metagenesis, whereas multiple parameters, including the R1, R2, RA1, RA2 and D1-FWHM, have proved to be robust for quantifying the temperatures reached by organic matter in metamorphic rocks. Using integrated areas from the whole spectrum to derive Raman parameters like SSA, D_STA and G_STA is also promising, as these have a wide temperature range. Raman studies of organic matter in fault zones are still in their infancy, but they have great potential to determine not only maximum temperatures attained during frictional heating, but also to shed light on deformation processes.
To promote the wider application of Raman spectroscopy, the terminology for the Raman bands, and the definition and derivation of Raman parameters must be standardized. A unified terminology is proposed here and this should be universally adopted in the future. Raman reference materials are needed, so that inter-laboratory tests can be performed to better determine which methodology, Raman parameters and Raman instrumental set-ups introduce the least bias and generate the most precise and accurate maturity data.
